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IHTEODUCTIOir 

During the aprin=; and summer of 19^9. tire 3ACA coa-i ■ 
ducted for the Bureau of Aeronautics, 3a vt" Department, a 
series of tests to deterinine the «:enernl aerodynamic 
characteristics of an airplane coAel.. These tests in-' 
elude la fairly complete stud^ of the coblin-^ srsten in- 
tended .for the Pratt & TThitnev H-2800 ensine eouipped. 
:with a eared two-sta^e supercharger. ; / 

The coolin'? system em'oodied a conventional IIACA 
cowlin? for the cylinder cOolin^ and a novel win^-duct 
s^'stem for the, cajrouretor air, oil coolers', and inter- 
coolers. The airplane has since "been built and the cool- 
in"? system has "oeen reported to function satisfactorily. 
In vietr of the sue cesaful. operation of this desi^jn, it is 
"believed that the description of the Trind-tunnel tests 
should "be made availa"bie to the aviation industry as a 
whole in order that they ma- "benefit >y the expe-rienc.e. 
gained in the development of this .rln^-duct system. Oon- . 
se(iuently, the most interesting, results from the original 
test data, coverin'^ oalr tJie win^-^Juct system, 2jave "been 
selected and ard. ;iven in this report. 



DSSCaiPTlOB -0? HODSI. AISD iLPPABATTIS 

The tests reported herein were conducted in the SACA 
20-foot propeller-researfih tunnel. 

Airnlane model.- 'Thsse tests were made on the 1/2.75 
scale model of a l9Tr,-win?. sin=;le-enVi^e com"bat tfirplane 
pictured in figure 1.- ■ The • en"«?ine cowling? was of circular 
crosi section .in "th.e Vicinity of the' c-^lindere. , The win'?- 
root section was; the ITACA, S:^'018> the actual maximum thi ck-« 
ness. was :al)oia.t 0'.5f6 en'Sine difemeterC- l?he duet; .entrances 
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rrere located in the leading ed'je of the win"; and the ducts 
extended oack to the 30-perce'nt chord station. The radial 
distance from thrust axis to the center of the duct en- 
trance Tras a'oout 0.29 propeller diameter. Distance from 
prope^ller disk aft to the duct entrance Tras 0.37 times 
propeller diameter. The diameter of the model propeller 
Tras 4.82 feet, hein*; three times that of the engine. 

J?ia5_Aucts . — Three different sets of vrin'i ducts trere 
tested \7ith this model, the first "bein^ the "original 
.ducts" delivered with the model. A picture of these ducts 
is shoirn in figure 2 and a sketch in figure 3. These ducts 
faired nicely into the contour of the win*; root. The upper 
lip extended almost to the leading ed^e of the win"?. The 
lower lip was considerahly aft of the win^ leadin*; ed*;e. 
At the section of least area the comoined entrance area of 
the ducts was 34 square inches. A short diffuser extend- 
ed from the entrance into the hollow^ win^. The diffuser 
expansion ratio was a'oout one and a half. Space was left 
"between the end of the diffuser and the front spar to allow 
air to flow into the hollow win? chamher sui-roundin'; the 
diffuser. Prom this chamber air flowed through round- 
ed«;e orifices simulating oil coolers and intercoolers , into 
the a.ccessory compartment, whence it was expelled into the 
air stream throu=;h an exit slot in the lower part of the 
accessory compartment. Control of the cooling air was oy 
means of an exit flap located "behind the engine cowl flaps. 
Air flowin? from the win? chamher into the supercharger 
intake orifice was ejected through exhaust ports. Ho turn- 
in? vanes were provided within the ducts. Performance of 
these ducts was generally unsatisfactory, as will be noted 
later* 

The "first modified ducts" represent the earliest at- 
tempt to correct the faults in the original ducts. These ^^ 

» duct 3 are pictured in figure 4 and shown sketched in fig- 
ure 5. The first modified ducts, like the original ducts, 

'faired well into the win?; but the entrance lips protruded 
slightly above and below the leadin? ed?e of the win?. 
The entreoice area was 34 square inches. The entire inte- 
rior of the duct acted as a diffuser. Part of the dif- 
fuser extended from the duct entrance aft to a set of turn- 
in? vanes located on a dia?onal line from win? spar to 
leadin? ed?e. The re?ton between turnin? vanes and ori- " 
fice plate (intercoolers and oil coolers) comprised the 
remainder of the diffuser. Eefereace 2 Is an ^xpositiTdii 
of the principles inyolved in the desl?n of the ducts. 



Alt.lao-a=;li tlie first nodifie^L-diicts functioned fairlTr 
well as air inlets, they precipi'ta^ed jan early win^ stall 
so had to oe altered. 

In the "final modified ducts"' pictured in fi'^ure 6 
and shoxrn sketched in figure -7 , the upper lip xras 'brou'^ht 
within the outlines of the original Tzin^ in order tc cor- 
rect the fault of the first Eodified ducts, viz, earl;* 
s_tail. The under lip was lowered more than that of the 
first madified ducts and was adju^taole so that two enr 
trance areas could he invest i'jated. She ducts rere tested 
vith entrance areas of 36 and 28.6 square inches (total 
area for hoth ducts). The internal shape of the ducts 
was also altered some^rhat as mar "be noted from the sketch- 
es. The round-ed'je orifices, which represented the cool- 
ers, rrere replaced with wire screen covering the same area 
as the coolers so that the diffusion properties .of full- 
scale ducts could he simulated. A calihration of the 
screens indicated that their conductivity, was: 92 jpercent 
of the desired value. 

Pro-oeller .- The propellei^ used in these tests was a 
three-hlade Hamilton Standard ' 0-Y 6159-A of 4.82-feet di- 
ameter. This was driven 07 a 2$-horsepower electric motor 



T3STS 



The ori'?inal wind-tunnel tests on this.raodel were of 
considerahle scope; those reported here deal onlr with 
development of the win^ ducts. ^Of primary interest was 
the effectiveness of the dUcts as air inlets. Of second- 
ary interest, out of equal importance, was the influence , 
of the win^ ducts on the aerodynamic oehavior of the air- 
plane as a whole. With all three sets of win^ ducts, and' 
with ducts removed and win*; smoo^ih, lift measurecents 
were made over an an'^le-of-attack fan^e which went "beyond 
the an*;le for maximxin lift. Dra*? measurements included: 
dra^ of nodel without duct g. and win? smooth; dra'> of, 
model with ducts installed and air passa'ses clocked in-, 
ternally; and dra"? of modeJL with-.ducts open and air flow- 
ing* 

Pressures neasured were: total pressure at tlie duct 
entrance, total pressure on;; th?i upstream sid.«^ of the oil 
cooler and intereooler restrictions* and st&tic (total) 
pi^essure. on the downstreaa side is the accessory compart- 



cent. Durin? the tests with propeller renoved, pressures 
were neasured at a series of an-^les of atta-ck. With pro- 
peller operating, the ac^le of attaclt traa held constant 
while readings were taken at a series-of (Y/nD) "valties 
froin aero to (T/nD) of zero thrust. Tests were made 
with exit flap openings of O** , 10° , and 18.5°; and propel- 
ler 'olade angles of 30P and 40^ at the three-quarter ra- 
dius. 

« , ' ■ -* 

The tests were eoudueted at a tunnel speed of atioMt 
100 miles per hour. 

HESULTS 



The following 8yn"bols and definitions haTe "been used 
-in. presenting the results. 

S win? area, square feet - 

P air density, sluss per cuhic foot 

V ▼eloclty of air stream (speed of fli'Sht) 

q dynamic pressure = S P T 

D dra? - (symhol not used in report) . 

Cj) dra'? coeffici-ent » D/qS 

L .lift 

Pj^ lift coefficient = L/qS 

d- an^le of attack of thrust line (an'Sle of attack of 
win? e a + 2° 10»)* 

35 propeller diameter 

n propeller shaft speed, revolutions per second 
p pressure, pounds per square foot - " ^if^V 

Pjj total pressure at entraace of 8tarl)bard duct 
> total pres sure at entraace of -ptiti duct 



4^25 total pressure ; loss in dif fuser -of . star"board duct' 

4^2L ' ^ressiire lass in di^fuse'jf of. port duct 

^^4R total pressure drop across* iatercooler and oil 

cooler, Et'ar>oard duct: : . ' 

'^■^4L total pressure drop across' inte.rcool'er" and oil • 
cooler, port duct 

The form dfa^ and cooling . dra*; of the various ducts 
and the dra^ of the obvlin^ exit flaps are shotm in fi<;-' 
ures 8 to 12. The effect of the ducts on lift is "^iven " 
in figure 13. All other charts deal with pressures in 
the auxiliarj cooling s;^stem. Pressures rlth original 
ducts are' ^i Ten in fi=^ures 14 and 15 and rrith the first 
modified ducts in figures 16 and 17, Fif^ures 18 to 30 
deal with pressures obtained with the final modified 
ducts* Specific cy-rres from the aoove figures are ^iven 
in figures 31 to. 36 to show comparison; heiiraen the three 
types, of ducts. j 

PISCUSSIOH .' . 

• 

A sood cooling qvgtam should hefv^ thd following prop-* 
e^ties: V , .. 

, A *•■*••**■■* ■ ' ' * •■ 

- . (a) . Lctf. dLTa.% > 

(h) "So effect on. the •maximum liff df win*? . 

(c) Be unaffected "by normal chan'^es in -the. attitude 
* of the airplane and fli'^ht speeds. 



(d) Iipw internal e.ner^^r -Icsse 



s 



(e) A pressure aiTailaJble at the coolers and carhu- 
r.etflr ^entrance .as hi ^h as possihle (pjer q' 
if-'possiilile.).': 

The results of the present inyesti^ati.on haye heen 
analyzed pn the; bases, of th'ese- Witer^an's and listed in 
the Qrd'er named*.. -; "'l' ' .• 

\^Ia figures 8 to. ,12 ar<* plots of the dra^ df the .model 



mag 



with the three entrance ducts installed. It may be noted 
that the drag of the model with ducts removed was differ- 
ent for the three test conditions, which may be accounted 
for "by differences In other parts of the model which pre- 
vailed at the time of the tests. The drag added hy the 
ducts is in true perspective, however. The original ducts 
with air flowing, increased the drag of the airplane about 
13 percent at an angle of attack of -1°, which correspo&ds 
to the high-speed condition of the airplane. > This high 
drag is attributed to the recessive lower lip which allows 
air to spill out at the high-speed flight condition. The 
first modified ducts had a slightly lower drag even though 
itaore cooling air was flowing through the ducts, as will hi 
noted later. The final modified ducts increased the drag'? 
of the airplane 2 or 3 percent for the 36-square-inch en- f 
trance opehlngs and about 5 percent for the S8.6-8quare- 
inch entrances, ^Although the protruding lower lip is not 
conducive to the lowest possible drag, it represents a 
satisfactory arrangement for this airplane. 

figure 12 shows the increase in drag resulting from 
opening the controllable exit flap to increase the air 
flow for the climb condition. The large increase in drag 
associated with increasing exit-flap angle illustrates the 
necessity for properly designing the exit and controlling 
the flow quantity for the high-speed condltion*- 
f ' ■ ■ 

^<In figure 13 is shown the effect of the firs:t modi- 
fied ducts on the lift, which was to cause an early stall 
due to the small-radius upper lips. It is quite likely 
that this fault could have been remedied by increasing 
the lip radius had the defect been knovm soon enough. Un- 
fortunately, the model was removed from the tunnel before 
the duct characteristics were known; so no opportunity 
was available at the time for eliminating the trouble. 
When the model was put back in the tunnel at a later date,- 
it was decided to install new ducte which were def initely - 
known to be good from the standpoint of stalling rather 
than take a chance on removing the defect",- even though 
the latter course necessitated levering the bottom lips 
more than good practice seemed to allow from the stand- 
point of drag. (See reference 1 for drag results of dif*^. 
f^rent entrance types.) 

The pressure characteristics of the. original ducts • 
for the condition without the propeller are given in fig- 
ure 14; and with the propeller, in; figure 15. The front 
pressures Pj and Pi, reach a value of q only through 
an angle-of-attuek range from 4** to the stall.. 4t the 
high-speed eonditldn (a « -"l^) only O.S or 0.6 of dy- 
namic pressure was available, whlc}^ Indicates that the en<>!^ 
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trance was no longer at the Eta^nat^oJi point. . The propel-* 
ler nade the condition eTer. rrorse "beca^l'se the slipstream 
rotation effectiTel? decreased the aa^le of attack of the 
ri^ht xt±rL% root (see f±%, 15), although the condition for 
the left duct was improved. 

She duct internal pressure loss APg tras relatively 

high, anountin? to pver 0.2q for the useful flight ran?e. 
Consequently, pressure availahle for cooling purposes traa 
low, amountin'? to 0,loi- or less. Negative pressures rrere 
recorded for the ri^ht duct when the propeller was operat- 
ing, indicating the flow was leaving To^ of the duct 
entrance instead of entering. 

She pressures for the first modified ducts are pre- 
sented in figures 15 and 1,7. It is apparent that at atti- 
tudes fdr high speed, cruiaing, and slight ciima practi- 
- CE.II7 full dynamic pressure was availa"ble at the duct en-" 
trances and that the pressure loss within the ducts was r-; 
only aoout O.lq. Premature separation, of flow ffom the 
ducib upper lip is Indicated "b^r the duct entrance pressure 
cur.ve as well as hy the lift curve.. Pressure characteris- 
tics of the first modified ducts with propeller operating 
were fairly good. The pressures in "both ducts were al- 
most identical. The influence of the propeller on the 
pressures availaole on, the ground? and at low V/nD was 
especially favoraole, as indicated hy the excess of en- 
trance pressures over the dynamic pressure (p = Qi curve) 

Pi-^ures 18 and 19 present the pressure data for the . 
final modified ducts with 3o-square-inch entrance area. 
The total pressure available at the entrances was practi- 
cally full dynamic pressure over the entire range of an- 
,gle of attack at which prolonged operation night occur. 
At the attitude for high speed the pressure loss in the , 
ducts was of the order of b,03qi- The duct losses in- ■ 
creased somewhat e.t the clin'oin? angles which apparently 
resulted in lower pressure drops across the coolers. 

, T7ith propeller operating at low T/nD, the "beneficial 
effect of tlie slipstream was' sonerhat more pronounced on 
the port duct thar. on the' starhoard duct, "out was lar^e for 
"both. At hi 'jh Talue.s of, .'7/nD •'00th ducts were affected 
equally. The pressure, loss' within the ducts remained aoout 
constant with changejeVin T/.nD and amount 9 d to only ahout 
0,02q for thfei high-speed' condition. The pressure available 
for cooling for the hi»h-speed condition appears to "be 
some\7hat greater than that* required, .a condition that is 
easily remedied oy^noreasing the r'estriction at the exit 
slot. : ;•■ . ':■ 



The coolin<; data for the So-Sqnare-inch openings and 
for condition with flap set 10° and 18.5° are *^iven in fig- 
ures 20 to 23. The onl-^ important effect of openin'j the 
flap T7a8 to increase the pressure a7aila*ole for coolin*;* 
The coolin*; pressure drop, AP^, ranged from aoout 2q[ to 
1.2q for the climhin?; Values of T/nD from 0,5 to 0,8. 
(See fi«;. 23, ) 

The pressure characteristics for the 28.5-s(iuare-inch 
ducts are ^iVen in fi-^ures 24 to 29, The only noticealble 
effect of reducing the size of the entrance openin^fs was 
to increase the internal losses slightly at the expense of 
the coolin<; pressure drop. 

In fi'^ure 30 is shown the effect of deflecting the . 
win"! flaps to 50°. Although the effects on the cooling 
system of lowering, the flap are unimportant, it is inter- 
.estin^ to note that the useful front pressure ran^^e was 
reduced, due to the increased upflow an^le at the leading 
ed^e of the win^, 

Compatisons of the pressure properties of the three 
ducts are ^iven in figures 31 to 36. A definite improre- 
ment in each succeeding type of duct is quite e'^ident. 



CONOLTJSIOHS 



A few general conclusions may "be drawn from tJiis, 
study; 

T7in<; ducts offer an attractive method for solving the 
prohlem of cooling en<;ine auxiliaries inasmuch as they com- 
oine reasonahle simplicity with low dra^ and excellent 
coolin"; characteristics. 

These tests indicate that from hoth the standpoint 
of dra^ and pressures arailaole in the duct entrances the 
upper and lower lips should he located near* the plane of 
the win? leadin'; ed^e, even though this mi'iht necessitate 
movin,«; the lips outside of the irin'? contour. The upper 
lip shotad have a generous leadin^-ed^e- radius of the same 
order as that of the wln^ leading. ed<;e in order, to prevent 
separation or premature wins stalling at hi'^h an'Sles of 
attack. Care should he exercised in the des.i<;n; of the ■ 



diffuser to avoid separation. Turnin'^ vanes should "be 
used if the air is to oe turned tlirou^li lar'fe angles. 

Lan^le:r Memorial Aeronautical LaTjoratory , 

National Advisory Cosimittee for Aeronautios, 
Lanifley Field, Va. 



!• Biermann, David, and Mclellan , Charles H, : TTind- 

nhinnel Investigation of Rectan';ular Air-Duct En- 
. trances in the Leading Ed';e of an HAGA 23018 Vin^;. 
HACA confidential report, 1940.. 

2» Patterson, 0. F«x Uodern Diffuser Desi^sn* Aircraft 
En';ineerln^, volir X, no. 115, Sept. 19?8,. pp# 2o7- 
273. 



HACA 



Figs. 1,3 




Figure 8.- Original wing duots. 



TUkCA 



rigs 4,6 




Ducts removed; smooth ning 

Ducts blocked internally 

Air flowing vrt- 




-4 0 4 ' 

Angle of attack, oC , deg 



e 



■ IXjcts removed; smooth wing 

■ Ducts blocked internally 
Air flowing 



rignr* 10.- Xffeot of 
tba final 
Mdlf lad doota on tbe 
drag of til* aodal. 
Doet aatg— aa,36 • 
iaolw»|'asi« 




rigura 11.- If feet of 
the final 
Modified doota on tbe 
dns of tlM aodel. 
Dttot eotraiioe,38.6 ea. 
iaeboa;«sit flap* 0°. 



-4 0 4 

Angle of of tack, c6 , deg 



r 7 



6 



NACA 



Figs. 12,20 



.10 



.o 

Jfc 
« 
o 











1 


1 

' flat. 

ia.5 

10 


1 

>, cfefi 












_ 




- Exh 






/ 












0 






/ 




















/ h 


















/ 


f 






\ 






• 




/ 




















r 






































































Figure 12.- 
Effect of 
the final 
modified 
ducts on 
the drag 
of the 
model for 
three exit 
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entrance , 
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Figure 20.- 

Final 

modified 

ducts. 
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Figure 13.- 

Influence 
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lift. 
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Figs. 14,16 
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Figure 14.- 
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Figure 16.- 
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Figure 22.- 
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Figs. 24,26 




Figare 24,- 

Final 

modified 

ducts. 

Duct 

entrance 

28.6 sq in.{ 

exit 

flap, 0°; 
controls 
neutral . 
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Figure 26.- 



entr since, 
28.6 sq in.; 
exit flap, 

10°; 

controls 
neutral . 
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Fig*. 27,29 
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Flgore 27.- Fiml ■otiifiad dnets. Duct entrance, 28.6 sq in.; 

exit nap, 10*>t at , 5**; p , 300; controls nentrml. 
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Tigum 29.' Final awdifi«d duets. Onot entrance, 28.6 sq in.; 

exit flap, 18.50; a ,50. p ^ soo; controls neutral. 
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Tiaa* 32.- Caniarlson of total pressnra aTall«bl« at Um dnet entranse 
with propellar op«ntii«. Btlt flap, 00| « . 0«»f p , 40«». 
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Figore S4.- C(»pariMB of diffnter prasmire loaws. Exit flap. 0°;. 
a , 0<»5 p , 400. 
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Flgon S6.- Co^pariBon of preasura drop aerosa int«reoolara and oil 
eoolara. Exit flap, 0<»; A , O"; p , 



